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Surface modification of a porous hydroxyapatite to
promote bonded polymer coatings
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Porous hydroxyapatite (Hap) blocks were sintered at several temperatures and methyl
methacrylate (MMA) grafted onto the surface in a 2-step heterogeneous system as a model
example for surface modification. First, sintered porous Hap was modified with
2-methacryloyloxyethylene isocyanate (MOI) monomer in anhydrous dimethyl sulfoxide
using di-n-butyltin (IV) dilaurate as a catalyst and hydroquinone as an inhibitor. Amount of
the introduction of MOl monomer on porous Hap was 1.62wt % at sintered temperature
800°C, 0.68wt % at it of 1000°C, and 0.59 wt % at it of 1200 °C. Scanning electron microscopy
(SEM) showed that porous Hap pore size and shape before and after MOI treatment were
unchanged. Second, graft polymerization with MMA through the vinyl bond on porous Hap
was conducted using a,o/-azobis isobutyronitrile (AIBN) as an initiator. Amount of Grafted
PMMA on the MOI modified porous Hap was 2.84 wt % at sintered temperature of 800°C,
6.97 wt % at it of 1000°C, and 6.27 wt % at it of 1200°C. MOI-modified and PMMA-grafted
porous Hap were characterized using Fourier transform infrared (FT-IR) spectroscopy. The
compressive strength of sintered porous Hap with grafted PMMA increased about 2.7-6.7
times compared to intact porous Hap. This 2-step surface modification on porous Hap is
widely applicable to graft polymerization with vinyl polymer and conjugation with a protein
or an oligopeptide, such as growth factor or an adhesion molecule, to improve Hap

mechanical properties and functionality.
© 2003 Kluwer Acadamic Publishers

1. Introduction
Hydroxyapatite (Hap) has been used in medical
applications such as bone implant materials [1-3].
Porous natural corals have also been used because the
macroporosity of these materials promotes osteoconduc-
tivity and resorption in vivo. Walsh et al. reported
synthesizing unique porous Hap with continuous cavities
formed by a foaming calcium phosphate preparation
[4,5]. Porous Hap was applicable for graft cartridges in
maxillofacial surgery [6] as alveolar ridge augments and
as bone defect filler [7]. Mechanical strength, or cell
adhesion and tissue migration on porous Hap, may be
limited by its crystallinity, or surface composition and
morphology [8—12]. The use of Hap in medical implants
would greatly increase if surface modification by an
organic compound could improve its mechanical
strength or functionality of cell adhesion or multi-
plication.

Composite preparation of organic materials with Hap
has involved the use of coupling agents, such as silanes
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[13—15], zirconyl salts [16], and polyacid [17], and the
introduction of a chemical linkage to octacalcium
phosphate by coprecipitation [18,19]. As is well
known, organic compounds with isocyanate groups
react readily with Hap surface hydroxyl groups [20].

This paper details a novel 2-step surface modification
with an organic compound that improves porous Hap
mechanical properties and functionality. We chose poly
methyl methacrylate (PMMA) as a typical example for
porous Hap surface modification. PMMA is a common
polymer used as bone cement for fixing total hip
prostheses [15,18,19,21] to give suitable mechanical
properties to the material. Initially, 2-methacryloyloxy-
ethylene isocyanate (MOI) possessing a vinyl polymer-
izable double bond and a reactive isocyanate group at
both ends of the compound is reacted with a hydroxyl
group of Hap to introduce vinyl groups, applicable as
initiation points for grafting PMMA onto porous Hap.
We then studied reaction kinetics and the effect on
porous Hap shape and microstructure.
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2. Materials and methods

2.1. Materials
The following were used without further purification:
calcium hydrogen phosphate dihydrate

(CaHPO, - 2H,0) and calcium bis(dihydrogen phos-
phate) monohydrate (Ca(H,PO,), -H,O0, MCPM)
(Wako Pure Chemical Industries, Ltd., Osaka, Japan);
calcium carbonate (CaCOj;) (Kanto Chemical Co., Inc.,
Tokyo, Japan); and MOI monomer donated by Showa
Denko Co. (Tokyo, Japan). The solvent dimethyl
sulfoxide dehydrate (DMSO), the catalyst di-n-butyltin
(IV) dilaurate, the inhibitor hydroquinone, and the
solvent N,N’-dimethyl formamide dehydrate (DMF)
were purchased from Wako Pure Chemical Industries,
Ltd. Methyl methacrylate (MMA) was purchased from
Wako Pure Chemical Industries, Ltd., and distilled in a
vacuum. The initiator o, -azobis isobutyronitrile
(AIBN) was purchased from Wako Pure Chemical
Industries, Ltd., and recrystallized from ethanol.

2.2. Measurements

Porous Hap was characterized by X-ray diffraction
(XRD) (Philips PW1729 X-ray diffractometer, The
Netherlands) with Ni-filtered Cu Ka radiation (40kV,
50mA). JCPDS-PDF card 9-432 was used for XRD
reference. We used scanning electron microscopy (SEM,
Model EDSEM, JEOL, Tokyo, Japan) at 10kV accel-
eration voltage to observe tungsten-coated samples of
intact porous Hap and its MOI composites. Infrared
spectra (Perkin-Elmer FT-IR Spectrometer Spectrum
2000, USA) were recorded from 4000-500cm ~ ! using
KBr discs. The amount of MOI and grafted PMMA on
porous Hap was determined using thermogravimetry-
differential thermal analysis (TG-DTA Rigaku Thermo
plus TG8120, Japan). About 10mg of samples were
heated to 1200°C at the heating rate of 20°C/min.
Compressive strength (Texture Analyzer Stable Micro
Systems@ TA-XT2i, UK) was measured on
10mm x 20 mm cylindrical blocks (5) of intact porous
Hap and PMMA-grafted porous Hap. Titration was used
to determine the amount of MOI added to porous Hap
samples as described elsewhere [24-26].

2.3. Chemical modification by MOI
monomer

Porous Hap was prepared using a modification of that
reported by Walsh et al. [4,5]. Briefly, equimolar
tetracalcium  phosphate  monoxide (Ca,(PO,),0,
TCPM), CaCO;, and MCPM were thoroughly mixed
and 0.01 N HCI aqueous solution was added to 1ml
against 1 mg of mixed powder. The effervescing mixture
was then rapidly mixed in a pestle and mortar before
being packed into cylindrical molds. The porous cement
block was then dried at room temperature for 24 h before
soaking in 10 ~>N NaOH aqueous solution at 37 °C for 3
days followed by air drying. A porous Hap cylindrical
block 10mm Xx 20 mm was prepared to cut the cylinders
and modified with MOI monomer in a heterogeneous
system. Porous Hap was dried for 24 h at 120 °C before
use. We immersed 20 pieces of dried porous Hap in 49 ml
anhydrous DMSO under nitrogen, and added 1.5ml of
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MOI monomer and 0.05 g of di-n-butyltin (IV) dilaurate
to an anhydrous system containing 150 ppm of hydro-
quinone. The reaction system was kept at 60 °C for 3, 6,
12, and 24h. Chemically modified porous Hap was
successively washed with DMSO and methanol to
remove unreacted reagents. MOI-modified samples
were dried at room temperature in a vacuum oven for
24 h.

2.4. Graft polymerization with PMMA
PMMA was grafted via vinyl groups onto porous Hap
using AIBN as an initiator; 60 mmol of MMA and
1.0 mol % of AIBN were dissolved in 10 ml of anhydrous
DMF. Six MOI-modified porous Hap blocks were
immersed in the MMA monomer solution in a 40ml
glass bottle. Graft polymerization was achieved in a
nitrogen atmosphere at 60 °C for 24 h. PMMA-grafted
porous Hap was copiously washed three times with DMF
followed by ethanol washing twice to remove ungrafted
homopolymer, and the block was then dried under
reduced pressure for 24 h.

3. Results and discussion

3.1. Porous hydroxyapatite

XRD profiles of porous Hap cement unsintered and
sintered at 800, 1000, and 1200°C are shown in Fig.
1(a)—(d). Initially, the reaction between MCPM and
CaCO; formed brushite (CaHPO, -2H,0, DCPD) and
simultaneously produced CO, gas making intercon-
necting holes in the bulk [5]. After DCPD and TCPM
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Figure 1 XRD profiles of porous Hap; (a) unsintered; sintered at (b)
800°C, (c) 1000°C, and (d) 1200°C.
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Figure 2 SEM micrographs of porous Hap; (a) unsintered; sintered at (b) 800 °C, (c) 1000 °C, and (d) 1200°C.

were reacted in the NaOH solution for 3 days, the cement
converted to Hap (Fig. 1(a)). With increasing sintering
temperature, Hap peaks at (002), (211), (112), and
(300) become sharper due to increasing crystallinity.

Fig. 2 shows a SEM micrograph of samples of
macropores and microstructures. The macropore size
decreased from 200 to 100 nm with increasing sintering
temperature. Hap crystal growth by sintering changed
pore size and crystal shape. The microstructure of porous
Hap sintered at 800 °C showed a microrugged structure.
Samples sintered at 1000 and 1200 °C, however, had a
smooth structure. Yubao et al. [22] reported that
calcium-deficient apatite particles melt about these
temperatures, so this change in porous Hap crystal
microstructure may be caused by Hap crystal melting
during heating from 800 to 1000 °C.

3.2. Introduction of vinyl groups

Porous Hap was chemically modified with MOI
monomer in an anhydrous system. Di-n-butyltin (IV)
dilaurate as a catalyst effectively promoted the reaction

between the isocyanate group and hydroxyl groups [23].
We plotted the amount of MOI monomer on porous Hap
against reaction time at 60°C (solid symbols, Fig. 3)
determined using TG-DTA to calculate weight loss
between room temperature and 600 °C. Open symbols
show the amount of MOI monomer on porous Hap
calculated by titration to determine the amount of vinyl
groups contributing to polymerization [24-26].

It was clear that the polymerization-reaction of MOI
by heating during the modification-reaction of the MOI
monomer on/in the porous Hap did not occur because the
amounts to MOI calculated through the TG-DTA and the
titration for 24 h of reaction time took almost same value.
MOI monomer added for a 24 h reaction with porous Hap
sintered was calculated as 0.11mmol/g at 800 °C,
0.044 mmol/g at 1000 °C, and 0.038 mmol/g at 1200 °C.
In nonsintered Hap powder (BET-specific surface area of
66m?/g), Liu et al. reported that the amount modified
with MOI monomer increased with increasing reaction
time, finally reaching equilibrium of about 0.7 mmol/g in
both reaction conditions at 50°C/20h and 70°C/12h
[20]. The difference in reaction kinetics between porous
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Figure 3 Weight gain of MOI monomer on porous Hap as a function of
reaction time; sintered at (@) 800°C, (A) 1000°C, and (l) 1200°C.
Open symbols were determined by titration.

Hap and Hap powder is considered due to the restriction
of MOI monomer diffusion to the inside of porous Hap
and because the surface area of porous Hap able to react
with MOI monomer was much less compared to Hap
powder.

In FT-IR spectra of MOI-modified porous Hap
sintered at 800 °C (Fig. 4), absorption at 2960 cm~!is
attributable to the stretching vibration of C—H, which
increased with increasing MOI monomer on porous Hap.
The presence of the deformation vibration of the amide
N-H peak at 1660 cm ~! and of the stretching vibration
of the ester C=0 peak at 1730 cm ~ ! indicated that MOI
monomer and porous Hap were coupled by covalent
linkage, the peak attributed to the isocyanate group
(-NCO) was clear at 2270cm ~! in the spectrum of the
MOI monomer [27]. The isocyanate group peak
completely disappeared after MOI monomer was added
to porous Hap (Fig. 4), indicating the isocyanate group of
the MOI monomer reacted completely with Hap
hydroxyl groups under our reaction conditions. The
peak of about 1450cm ! corresponded to v;CO,, the
broad band over 1000-1150cm~! corresponded to
v3PO,, the peak of about 630cm ™! corresponded to
O00H, and the peaks of about 570 and 600 cm ! to the
v4PO,, indicating Hap formation.

Fig. 5 shows SEM observations of MOI-modified
porous Hap at low and high magnification. Macro- and
microchannels of porous Hap were unchanged by MOI
monomer modification compared to Fig. 1, implying that
MOI monomer was coated as a thin layer on porous Hap.
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Figure 4 FT-IR spectra of MOI-modified porous Hap sintered at
800°C. FT-IR spectra of MOI-modified porous Hap sintered at 1000
and 1200 °C were almost identical.

3.3. Graft polymerization with MMA
MMA was graft-polymerized on porous Hap through
vinyl groups in the MOI monomer using AIBN as a
polymerization initiator. We determined the amount of
PMMA grafting on MOI-modified porous Hap using TG-
DTA (Table I). When graft polymerization with MMA
was done using un-modified porous Hap, the amount of
graft polymerization of PMMA was zero after washing
with DMF. Table I shows that weight gain refers only to
the amount of grafting PMMA on porous Hap attached
by covalent bonding. MMA grafted on porous Hap
sintered at 800 °C was significantly lower compared to
that sintered at 1000 and 1200°C, although MOI
modification on porous Hap sintered was significantly
higher. There might be two reasons to explain this
phenomenon: first, MMA monomer is difficult to diffuse
and react the vinyl groups in the micro-cavity of the
800°C sintered porous Hap, since it has the micro-
rugged structure as shown in Fig. 5. Second, sintered
porous Hap at 800 °C has too small space that limits the
growth reaction of the PMMA graft chain.

FT-IR spectra of PMMA homopolymer and PMMA-
grafted porous Hap are shown in Fig. 6. Compared with

TABLE I Weight% of add-on MOI, grafting PMMA, and compressive strength of porous Hap

Sintered MOI add-on/ Grafting polymer Compressive strength Compressive strength

temperature/ °C wt% (PMMA)/wt% at intact porous at PMMA grafted
Hap/MPa porous Hap/MPa

800 1.62 2.84 1.54 10.3

1000 0.68 6.97 3.24 21.2

1200 0.59 6.27 17.3 47.1
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Figure 5 SEM micrographs of MOI-modified porous Hap; sintered at (a) 800 °C, (b) 1000°C, and (c) 1200°C.
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Figure 6 FT-IR spectra of PMMA-grafted porous Hap; (a) PMMA
homopolymer; sintered at (b) 800°C, (c) 1000 °C, and (d) 1200 °C.

Fig. 4, absorption at about 1730cm ~ ! attributed to the
ester C=0 peak increased with increasing PMMA
grafting, clearly showing that PMMA was grafted
successfully on porous Hap. The ratio of the peak
strength between the C=0 and the PO, band of porous
Hap sintered at 800°C (Fig. 6(b)) indicates that the
amount of grafted PMMA was less than that of samples
sintered at 1000 (c) and 1200 °C (d), which agreed well
with PMMA grafted on Hap (Table I).

The compressive strength of intact porous Hap
sintered at 800, 1000, and 1200 °C (Table I) increased
with increasing sintering temperature, because the crystal
growth of porous Hap and apparent density of porous
Hap by melting with increasing the sintering tempera-
ture. The compressive strength of porous Hap grafted
with PMMA increased 4.5 times over the sintering
temperature range compared to 11.2 times for uncoated
porous Hap. Porous Hap strength thus increased
dramatically with this surface modification. For porous
Hap sintered at 800 °C, compressive strength increased
6.7 times that of uncoated Hap, even though the amount
of PMMA was low. The compressive strength of PMMA -
grafted porous Hap sintered at 1000 °C was roughly half
that sintered at 1200 °C, although the amount of PMMA
grafted on porous Hap sintered at 1000 and 1200 °C was
similar. These results indicate that compressive strength
could be greatly affected by grafting a thin layer of
PMMA on Hap, so we can synthesize porous Hap having
desired mechanical properties over a wide range from 1.5
to 47 MPa by controlling the sintering temperature of
Hap blocks to be coated and the amount of PMMA then
to be grafted.
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4. Conclusions

We developed a way to modify the porous Hap surface
through an introduced functional group attached by
covalent linkage. PMMA provided porous Hap with
mechanical and biostable properties through bonding to a
vinyl group coupled on porous Hap. PMMA was used as
an example polymer for interaction with the Hap surface
modified by MOI. This two-step surface modification of
Hap is widely applicable to graft polymerization with a
vinyl polymer and conjugation with biomolecules, such
as proteins or oligopeptides [28], to improve Hap
mechanical properties and functionality. We are now
developing a 3-dimensional cell-culture vessel and
biomolecule separator using porous Hap cartridges
grafted with vinyl- and biopolymers.
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